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The effects of K +, Na + and ATP on the gastric (H ++ K +)-ATPase were investigated at various pH. The 
enzyme was phosphorylated by ATP with a pseudo-first-order rate constant of 3650 min-~ at pH 7.4. This 
rate constant increased to a maximal value of about 7900 min -n when pH was decreased to 6.0. 
AIkalinization decreased the rate constant. At pH 8.0 it was 1290 rain- i. Additions of 5 mM K + or Na +, did 
not change the rate constant at acidic pH, while at neutral or alkaline pH a decrease was observed. 
Dephosphorylation of phosphoenzyme in lyophilized vesicles was dependent on K +, but not on Na +. Alkaline 
pH increased the rate of dephosphorylation. K + stimulated the ATPase and p-nitrophenylphosphatase 
activities. At high concentrations K + was inhibitory. Below pH 7.0 Na + had little or no effect on the ATPase 
and p-nitrophenylphosphatase, while at alkaline pH, Na + inhibited both activities. The effect of extravesicu- 
lar pH on transport of H + was investigated. At pH 6.5 the apparent K m for ATP was 2.7 I~M and increased 
little when K + was added extravesicularly. At pH 7.5, millimolar concentrations of K + increased the apparent 
K m for ATP. Extravesicular K + and Na + inhibited the transport of H +.The inhibition was strongest at 
alkaline pH and only slight at neutral or acidic pH, suggesting a competition between the alkali metal ions 
and hydrogen ions at a common binding site on the cytoplasmic side of the membrane. Two H +-producing 
reactions as possible candidates as physiological regulators of (H + + K +)-ATPase were investigated. Firstly, 
the hydrolysis of ATP per se, and secondly, the hydration of CO 2 and the subsequent formation of H + and 
H C O  3 .  The amount of hydrogen ions formed in the ATPase reaction was highest at alkaline pH. The 
H + / A T P  ratio was about I at pH 8.0. When CO 2 was added to the reaction medium there was no change in 
the rate of hydrogen ion transport at pH 7.0, but at pH 8.0 the rate increased 4-times upon the addition of 0.4 
mM CO 2. The results indicate a possible co-operation in the production of acid between the H + + K +-ATPase 
and a carbonic anhydrase associated with the vesicular membrane. 

Introduction 

In the mammalian stomach, acid is produced 
by the parietal cells which are located to the 

Abbreviations: SDS, sodium dodecyl sulphate; Mes, 4-morpho- 
lineethanesulphonic acid; Hepes, 4-(2-hydroxyethyl)-l-pipera- 
zineethanesulphonic acid; CDTA, cyclohexylene-(1,2)-di- 
nitrilotetraacetic acid. 

corpus or fundus regions [1]. These cells have a 
characteristic morphology. Resting cells contain 
tubulovesicular membranes, while in secreting cells 
these membranes are transformed into large secre- 
tory canaliculi [2,3]. The (H + + K +)-ATPase, which 
is a part of the proton translocating system, is 
present in the tubulovesicular membranes and in 
the microvilli of the secretory canaliculi [4]. Vesicles 
derived from the microsomal fraction of the gastric 
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mucosa contain H ÷ +  K÷-ATPase. When ATP is 
added to vesicles containing KCI, H ÷ is trans- 
ported into the vesicles in an electro-neutral ex- 
change for intravesicular K ÷ [5]. This results in an 
accumulation of hydrochloric acid in the vesicles. 
Incubation of fresh vesicles, prepared from un- 
stimulated animals, in a medium containing KC1 
gives a low ATPase activity, which appears to be 
due to slow influx of K ÷. If a K÷-ionophore, e.g., 
valinomycin, is added the intravesicular concentra- 
tion of K ÷ is no longer rate-limiting and conse- 
quently the ATPase activity increases [6]. In 
lyophylized vesicles the ATPase activity is high, 
since the permeability for K ÷ is increased [7]. 

ATPase containing vesicle membranes exhibit a 
p-nitrophenylphosphatase activity [8]. The p- 
nitrophenylphosphatase activity is dependent on 
extravesicular K ÷. The phosphorylation of the 
ATPase by ATP is inhibited by K ÷ and Na+[9,10] 
probably by binding to a cytosolic site [7]. The 
rate of dephosphorylation is stimulated by K ÷ on 
the luminal side [11]. 

The cytoplasmic pH of the parietal cell depends 
on the secretory activity, pH increases upon acid 
secretion, since H ÷ is withdrawn from the cyto- 
plasm. The aim of the present investigation was to 
characterize the effects of K ÷ and Na ÷ on ATPase, 
p-nitrophenylphosphatase and hydrogen-ion trans- 
port at various pH levels. The results show that 
binding of alkali metal ions to a cytosolic site 
inhibits the enzymatic activities at alkaline pH but 
at a slightly acidic pH, 10-20 mM of alkali metal 
ions do not inhibit the (H++ K+)-ATPase. The 
implication of these findings in the regulation of 
acid secretion is discussed. 

Materials and Methods 

Materials. Gastric vesicles were prepared from 
fresh pig stomachs as described [12]. Judged from 
polyacrylamide gel electrophoresis in SDS, they 
contain one major protein with a molecular mass 
of about 93 kDa, identified as the (H++ K÷) - 
ATPase. The vesicles were used either fresh (tight) 
or lyophylized (leaky). The disodium salt of ATP 
was purchased from Boehringer Mannheim. It was 
converted into its Tris salt by passage over a 
Dowex AG 50W-X8. Carrier-free [),-32p]ATP was 
purchased from New England Nuclear. The diTris 

salt of p-nitrophenyl phosphate was purchased 
from Sigma. Acridine orange was from Merck. All 
chemicals used were of analytical grade or the 
highest purity available. 

A TPase activity. ATPase activity was assayed at 
21°C as the release of 32p i f r o m  [),-32p]ATP [13]. 
The reaction medium comprised 2 mM MgCI2/2 
mM Tris-[),-32p]ATP. The buffers used were 30 
mM Mes adjusted with Tris to pH 6.0 and pH 6.7, 

• 30 mM Hepes adjusted with Tris to pH 6.9 and 
pH 7.4, and 30 mM Tris adjusted with HC1 to pH 
8.0. Additions of KC1 and NaC1 in the buffers 
were as indicated. The time of incubation was 10 
min. The enzyme concentration was adjusted so 
that not more than 20% of ATP was hydrolyzed. 

p-Nitrophenylphosphatase activity, p-Nitro- 
phenylphosphatase activity was assayed at 21°C in 
a medium comprising 2 mM MgClz /3  mM p- 
nitrophenyl phosphate. Buffers used were 30 mM 
Mes adjusted with Tris to pH 5 and pH 6, 30 mM 
Hepes adjusted with Tris to pH 7, 30 mM Tris 
adjusted with HC1 to pH 8 and pH 9. Reaction 
volume was 0.5 ml. Additions of KC1 and NaC1 in 
the buffers were as indicated. The reaction was 
stopped by the addition of 25 /~1 50% (w/v)  tri- 
chloroacetic acid. 1 ml of 0.5 M Tris-base was 
added and the absorbance at 410 nm was mea- 
sured. 

Transient-state kinetics. The technique for mea- 
suring partial reactions and calculation of rate 
constants was as previously described [14]. In a 
rapid-mixing apparatus about 0.1 mg of mem- 
brane protein was phosphorylated at 21°C for 
various times in the presence of 5 ~tM [y-32p]ATP. 
The reaction was stopped by expelling the reaction 
mixture into 5 ml 10% HC104 ( w / v ) / 5  mM A T P /  
20 mM P~. Alternatively, KC1 was added in order 
to dephosphorylate the phosphoenzyme before 
stopping the reaction with acid. The acid-dena- 
tured protein was collected on a 3 /,m pore size 
Millipore filter. The filter was washed with 7 × 10 
ml 5% HC104 ( w / v ) / 1 0  mM Pi. Then the filter 
was dissolved in 5 ml of acetone, and the t~eren- 
kov radiation produced by 32p was  measured in a 
liquid scintillation counter. 

In order to compare phosphoenzyme levels of 
different preparations of ( H ÷ +  K+)-ATPase rela- 
tive units are used. One unit of phosphoenzyme, 
EP (relative) represents the steady-state level of 
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32p incorporated per mg of protein at s tandard 

conditions,  i.e., 21°C, 2 mM MgC12, 5 FM [3'- 
.32P]ATP in 40 mM Tris-HCl (pH 7.4). Irrespec- 

tively of whether tight gastric vesicles or lyophi- 

lized membranes  were used, the steady-state levels 
of phosphoenzyme were the same, indicat ing that 

the site of phosphoryla t ion exclusively was located 

on the outside of the vesicles. 

Transport of hydrogen ions in vesicles. Transpor t  

of hydrogen ions was measured by a spectrophoto- 

metric method as described [12,15]. Fresh vesicles 
were equil ibrated in 150 mM K C 1 / 2  mM MgC12 

in a 10 mM buffer adjusted to the pH used in the 

experiment,  unless otherwise is indicated. The total 

reaction volume was 1 ml. 10 ~ M  acridine orange 
was included in the assay medium. Upon the 
addi t ion of ATP  the vesicles accumulated acid. 

When CO 2 was included in the assay, it was sup- 
plied by the addi t ion of the indicated buffer 

saturated with a gas mixture conta in ing 5% CO2 
and  95% 0 2 . The concentra t ion of CO 2 in the 

b u f f e r  was  c a l c u l a t e d  a c c o r d i n g  to the 
Henderson-Hasse lbalch  equat ion and an ap- 
propriate aliquot was added to the incubat ion  

medium to give the final concentra t ions  as indi- 

cated. 
Protein assay. Protein was assayed according to 

the methods of Bradford [16] or Lowry et al. [17]. 

Results 

Phosphorylation of (H + + K + )-A TPase. The rate 
of phosphorylat ion was determined at pH 6.0, 7.0 
and 8.0. The enzyme in a buffer of indicated pH 
was mixed with 2 mM MgC12 and 5 FM ATP in 
the presence or absence of 5 mM KCI or 5 m M  
NaCI (Fig. 1). Sucrose was used in order to main-  
tain isoosmolarity and the vesicular structure. The 

addit ions of alkali metal ions results in a decrease 
in both rate and extent of phosphorylat ion at pH 
7.0 and 8.0, while no effect could be observed at 
pH 6.0. 

An enzyme-ATP complex was formed for about  
120 ms by mixing enzyme with 5/~M A T P / 2  mM 
Tris-HC1 (pH 7.4). At this time 2 m M  MgC1 z plus 
buffers of various pH were added and a phos- 
phoenzyme complex was formed. At pH 8 a 
pseudo-first-order rate constant  of 1290 rain t 
was observed (Fig. 2). A decrease in pH resulted in 

- -  H,.o w- i I 0 pH 6.0 + . • ~ ! I p" 8.0 

,,03 0.4 Z no addit ion 0 

20 40 60 80  20 40  60  80 20 40  60 80 
time (ms) 

Fig. 1. Phosphorylation of (H++K+)-ATPase in vesicles at 
various pH in the presence of KCI or NaC1. Vesicles were 
mixed with 2 mM MgC12, sucrose to maintain isoosmolarity, 
and buffers of various pH. At zero time 5 ffM [y-32p]ATP, 2 
mM MgCI 2 and sucrose was added. Buffers used were 24 mM 
Mes-Tris (pH 6.0); 24 mM Hepes-Tris (pH 7.0), and 24 mM 
Tris-HCl (pH 8.0). (O O) no additions of ions; 
(zx n) 5 mM KC1; (D D) 5 mM NaCI. 

both an increased rate and  extent of phosphoryla-  
tion. The most rapid phosphorylat ion was at pH 

6.0 with a pseudo-first-order rate constant  of 7900 
min-1 .  Rate constants  are summarized in Table I. 

Highest amoun t  of phosphoenzyme was obta ined 
at pH 7.0. 
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Fig. 2. Phosphorylation of (H++ K+)-ATPase at various pH. 
Vesicles were mixed with 5 ,uM ['y-32p]ATP/2 mM Tris-HCl, 
(pH 7.4); 0.3 mM CDTA was included in order to chelate 
traces of Mg 2+. At zero time, 2 mM MgC12 in various buffers 
was added. The buffers were 10 mM Hepes-Tris (pH 7) 
(D D); 10 mM Mes-Tris (pH 6) (x ×); 10 mM 
Mes-Tris (pH 5) (O O); 10 mM Tris-HCI (pH 8), 
(zx n); 10 mM Tris-HCl (pH 9) (v v). 

Fig. 3. Dephosphorylation of [32p]phosphoenzyme at various 
pH. Lyophilized vesicles were phosphorylated for 120 ms in the 
presence of 5/~M [y-32p]ATP, 2 mM MgCI2/2 mM Tris-HCl 
(pH 7.4). At zero time 2 mM KCI/0.5 mM unlabeled ATP was 
added in the presence of various buffers. The buffers were 10 
mM Mes-Tris (pH 5.0) (© ©); 10 mM Mes-Tris (pH 
6.0) ( x x ); 10 mM Hepes-Tris (pH 7) (D D); 10 
mM Tris-HCI (pH 8) (zx n); 10 mM Tris-HC1 (pH 9) 
(v v). Unity EP corresponds to 1446 + 140 (mean + S.D., 
n = 5) pmol (321°) incorporated/mg protein. 
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TABLE 1 

RATE CONSTANTS OF PHOSPHORYLATION OF H + +  
K +-ATPase AT VARIOUS pH 

Rate constants were calculated as pseudo-first-order rate con- 
stants from the experimental data in Figs. 1 and 2. The 
following reactions were studied in Fig. 1 : E + MgATP ~ E-P 
+ M g A D P  (reaction 1); in Fig. 2: E . A T P + M g - - , E - P +  
MgADP (reaction 2). 

pH Rate constants of 
phosphorylation (per min) 

Reaction 1 Reaction 2 

5.0 6 440 
6.0 5 947 7 900 
7.0 3 548 3 650 
8.0 1047 1 290 
9.0 190 

1.0 

"~ 0.8 

u~ 0.6 

0.4 

rg~a-- 
20  4 0  60  I00  

time (ms) 

Fig. 4. Dephosphorylation of [32PJphosphoenzyme by KCI and 
NaCI. Lyophilized vesicles were phosphorylated for 130 ms in 
the presence of 5 /tM [y-32P]ATP/2 mM MgC1/1.0 m M 
Tris-HCl. At zero time, 1 mM KCI/50  mM choline chloride 
(O  O); 1 m M  choline chlorides 50 mM NaCI, 
(zx A); 1 mM KCI/50  mM NaCI (D [3); was ad- 
ded together with 10 mM Tris-HC1 (pH 8.0). Unity EP corre- 
sponds to 1127+ 128 (mean___ S.D., n = 3) pmol 32p incorpo- 
r a t ed /mg  protein. 

Dephosphorylation of (H ++ K +)-ATPase. De- 
phosphorylation studies were carried out on 
lyophilized vesicles by mixing (H + + K +)-ATPase 
with 5 /.tM A T P / 2  mM MgCI2/5  mM Tris-HCl 
(pH 7.4). About 120 ms after this mixing, a 
steady-state level of phosphoenzyme was obtained. 
At this time, 2 mM KC1/0.5 mM unlabelled ATP 
was added in buffers of various pH. The un- 
labelled ATP was introduced in order to prevent 
reformation of [32p]phosphoenzyme, since the 
velocity of this reaction was shown to vary at 
various pH. Highest rate of dephosphorylation 
was observed at alkaline pH (Fig. 3). From the 
initial part of the curves obtained at pH 8 and 9, a 
pseudo-first-order rate constant of about 2000 
rain -1 was calculated. At acid pH, there was a 
gradual decrease of the initial rate of dephos- 
phorylation. At pH 5 only a very slow rate was 
observed. A decrease of the dephosphorylation 
rate by decreasing pH from alkaline to acid pH 
resulted in change of the shape of the curves. At 
alkaline pH, the curves were concave upwards, but 
at neutral and acidic pH they were convex. These 
results indicate a dephosphorylation mechanism 
that is different from simple first-order kinetics. 

The interaction between K + and Na + on de- 
phosphorylation was studied (Fig. 4). The phos- 
phorylation was carried out as in the previous 
experiment at standard conditions at pH 7.0. After 
130 ms 1 mM KC1, or 50 mM NaCI, or a mixture 

of both, was added simultaneously as pH was 
changed to 8.0. Choline-chloride was used to 
maintain the ionic strength. A slow rate of dephos- 
phorylation was obtained by the addition of 50 
mM Na + only (k---76 min-1) .  This slow rate of 
dephosphorylation agrees well with the ATPase 
activity observed in the presence of MgC12 only. 
The mixture of 1 mM K ÷ and 50 mM Na + de- 
phosphorylated the enzyme with a rate that was 
similar to that at 1 mM K + only. 

Neither 10 mM KC1 nor 100 mM NaCI dephos- 
phorylated the phosphoenzyme in tight vesicles 
(not shown). 

p-Nitrophenylphosphatase activity. Several ion 
transporting enzymes like (Na++K+)-ATPase ,  
Ca2+-ATPase as well as the ( H + +  K+)-ATPase 
exhibit a p-nitrophenylphosphatase activity. The 
phosphatase activity of the ( H + +  K+)-ATPase is 
dependent on K + or one of its congeners [18]. The 
reaction appears to occur on the cytoplasmic side 
of the membrane. In order to investigate effects of 
K + and protons on the cytoplasmic side of the 
ATPase, fresh gastric vesicles were used. Isoosmo- 
larity was maintained by the addition of sucrose. 
The p-nitrophenylphosphatase activity was as- 
sayed from pH 5.0-9.0 at various concentrations 
of KC1 (Fig. 5). In parallel experiments, 10 mM 
NaC1 was included in the reaction medium. 

The p-nitrophenylphosphatase activity in the 
absence of KC1 was low and was very little af- 
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Fig. 5. Dependence of p-nitrophenylphosphatase activity of the 
(H + +K+)-ATPase on KCI and pH. About 10 #g vesicular 
protein per ml were incubated for 10 rain in different buffers 
comprising 3 mM MgCI2/3 mM p-nitrophenylphosphate and 
various concentrations of KCI. The buffers were 10 mM Mes- 
Tris (pH 5.0 and 6.0), 10 mM Hepes-Tris (pH 7.0) and 10 mM 
Tris-HCl (pH 8.0 and 9.0). The experiments Were performed 
without extra addition (O O); or in the presence of 10 
mM NaCI (×  x) .  Sucrose was added to maintain 
isoosmo[arity. 

fected by a change of pH. Upon an increase of the 
KC1 concentration there was a progressive increase 
of the p-nitrophenylphosphatase activity. At pH 
5.0, K + stimulated only slightly. The optimal activ- 
ity was at pH 7.0-8.0 in the presence of 10-20 
mM KC1. A further increase of the KCl concentra- 
tion decreased the p-nitrophenylphosphatase activ- 
ity. The apparent K~ was about 1-2 mM KC1 at 
p H  7.0 and 8.0. No dif ference in the 
p-nitrophenylphosphatase activity was observed 
whether the vesicles were preincubated with KCI 
or not (not shown), indicating that the activation 
site for K + of the p-nitrophenylphosphatase was 
located on the cytosolic side of the vesicle. 

By the inclusion of 10 mM NaCI in the reaction 
medium, inhibition of the p-nitrophenylphospha- 
tase activity was observed. This inhibition was 
more pronounced at neutral or alkaline pH than at 
acidic pH. At the concentration of KC1 giving 

optimal activity, 10 mM NaCI gave about 10% 
inhibition at pH 6.0, 11% at pH 7.0, 28% at pH 8.0 
and 34% inhibition at pH 9.0. Strongest inhibition 
of the p-nitrophenylphosphatase by Na ~ was 
observed at low concentrations of KC1 up to 10-20 
mM KCI. 

ATPase activity. K+-stimulation of the ( H + +  
K+)-ATPase in fresh vesicles was low. In lyophi- 
lized vesicles, ions appear to have increased access 
to both sides of the membrane [12]. Therefore, 
lyophylized vesicles were used when the ATPase 
activity was tested at various pH and concentra- 
tions of KCI. In two parallel experiments, 10 and 
25 mM NaC1 was included in the reaction mixture. 
A progressive increase of the ATPase activity was 
observed upon an increase of KCi (Fig. 6). Opti- 
mal activity was observed at pH 7.4 in the pres- 
ence of 10 mM KC1. The apparent K m for KCI 
was decreasing from 5 mM (pH 6.0) to below 1.0 
mM (pH 8.0). The ATPase activity was inhibited 
by high K + concentrations at an alkaline pH. At 
acidic pH, the inhibition by K + was less pro- 
nounced. No inhibition was observed at 100 mM 
KC1 (pH 6.0 and 6.7). At pH 8.0, optimal activity 
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Fig. 6. Dependence of the (H++K+) -ATPase  on KCI at 
various pH. Lyophilized gastric membranes, 25 #g /ml ,  were 
incubated in a medium comprising different buffers, 2 mM 
MgCI 2, 2 mM [y-32p]ATP and various concentrations of KCI. 
The buffers were 4 mM Mes-Tris (pH 6.0 and 6.7), 4 mM 
Hepes-Tris (pH 6.9 and 7.4) and 4 mM Tris-HC1 (pH 8.0). The 
experiments were performed in the absence of NaCI 
(O O); in the presence of 10 mM NaCl (×  X) 
or 30 mM NaC1 (z:, zx). 



was observed at 2 mM K ÷- and higher concentra- 
tions were inhibitory. 

Inclusion of 10 or 25 mM NaCi, in the assay 
medium resulted in an inhibition of the ATPase 
activity at pH 7.4 and pH 8.0. At pH 6.0-6.9, no 
inhibition was observed. At pH 7.4 in the absence 
of Na t the ATPase activity was 1300 n m o l / m g  
per min. When 10 or 25 mM NaC1 was added the 
activity decreased to 57 and 37% of the maximal 
activity. 

Effects of extrauesicular cation composition on 
H ÷ transport. Gastric vesicles were preequilibrated 
in 150 mM KC1 (pH 7.0 or 7.5). The extravesicular 
concentration of C1- was kept constant at 150 
raM, while cations were changed from either 150 
mM choline or 150 mM Na ÷, to 150 mM K ÷. Due 
to dilution of the equilibrium medium, 1.35 mM 
K ÷ was the lowest concentration of K ÷ tested. 
Both initial rate of transport (Fig. 7A) and A pH 
(Fig. 7B) were measured. Maximal rates were ob- 
tained in a medium comprising 150 mM choline/  
1.35 mM K ÷. The rate of H ÷ transport was con- 
stant when Na ÷ was exchanged for K ÷. At pH 7.0, 
the average rate was around 0.6 of the maximal 
rate, while at pH 7.5 the average rate was 0.1. The 
ratio 10 mM K+/140  mM choline appeared not to 
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~o ~6o ~oKc, 
~5o ~oo 5o 0NoCt 
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~ 50 ~o~ ~so~ 
150 100 50 0NoC[ 
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Fig. 7A and B. Dependence of the initial rate of H +-transport 
and the maximal H+-pumping capacity on the extravesicular 
ion composition. The vesicles were equilibrated in 150 mM 
K C I / 2  mM MgCI2 /10  mM  Hepes, adjusted with Tris (pH 
7.0). The vesicles (12.5/~g protein) were added to a volume of 1 
ml consisting of 2 mM  MgCI2 /10  /~M acridine orange/150 
m M  CI with various ratios of Na + and K + (,x zx), or 
with various ratios of choline and K + (© O). The 
buffers were 10 mM Hepes adjusted to pH 7.0 or to 7.5 with 
Tris. Filled symbols represent results at pH 7.5 and open 
symbols represent results at pH 7.0. The reaction was started 
by the addition of 0.1 mM  Tris-ATP, adjusted to the pH of the 
reaction medium. In A the relative rate of 1 was the extrapo- 
lated rate at 0 mM KCI and 150 mM choline. In B the maximal 
A pH at each pH was given the value of 1. 
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affect the rate at pH 7.0, but a small decrease was 
observed at pH 7.5. Still, at the ratio 50 mM 
K÷/100  mM choline at pH 7.0 no decrease was 
noted, while only 0.35 of the rate persisted at pH 
7.5. 

Maximal zlpH registered at pH 7.0 and 7.5 
were given the relative value of 1. The ApH did 
not change when choline was exchanged for K ÷ at 
either external pH (Fig. 7B). But with an extraves- 
icular concentration of 150-50 mM Na ÷ present 
in the medium, A pH was decreased compared with 
the parallel experiments with choline. Increasing 
the concentration of K ÷ increased ApH. Thus, it 
appeared as if extravesicular Na ÷ produced a lower 
ApH across the membrane than did K ÷, although 
these ions exhibited a similar ability to inhibit the 
rate of hydrogen ion transport. 

Requirement for A TP of hydrogen ion transport. 
The rate of hydrogen ion transport was measured 
at various concentrations of ATP in vesicles pre- 
equilibrated at standard conditions. Already at 
micromolar concentrations of ATP there was a 
high rate of transport, provided the extravesicular 
concentration of K ÷ was low (Fig. 8). The ap- 
parent K m for ATP increased from 2.1-4.7 ktM at 
pH 6.5 when the K ÷ concentration was increased 
from 1.35-10 raM. This was in contrast to the 
great change of K m from 7.4-37.5 ~M at pH 7.5 
by the same increase of K ÷ (Fig. 9). 

OF pH 6,5 

10 20 100 
MM ATP 

~10I PH 7"5 ~ l  

10 20 100 
MM ATP 

Fig. 8A and B. Dependence of the initial rate of H ÷ transport 
in vesicles on the concentration of ATP and KC1. Vesicles were 
equilibrated in a medium comprising 150 mM KC1/2 m M 
MgCI2 /10  mM Hepes, adjusted to pH 7.5 with Tris. The 
vesicles (13 p,g protein) were then transferred to 1 ml of 
reaction medium comprising 2 mM MgC12. 10 /LM acridine 
orange, 10 mM Hepes, adjusted to pH 6.5 (A) or 7.5 (B) and 
various concentrations of KCI: 1.35 mM KC1 ( X x ); 5 
mM KCI (© O); 10 mM KCI (zx zx); 100 mM 
KC1 ([3 [3), The reaction was started by the addition of 
the indicated concentration of Tris-ATP, which had been ad- 
justed to the pH of the reaction buffer. 
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Fig. 9. Effect of extravesicular KCI on the apparent K m for 
ATP. The apparent K m for ATP was calculated from H +-trans- 
port data shown in Fig. 8A and B. By means of a computer and 
the Michaelis-Menten equation, a non-linear regression analysis 
was performed. Apparent K m obtained at pH 6.5 (zx --zx); 
at pH 7.5 ( O - - O ) .  

Effects of extravesicular pH and CO: on hydro- 
gen ion transport. The vesicles were equil ibrated 

with 150 mM KC1. The rate of H + transport  was 

measured at various concentra t ions  of CO 2. In the 

absence of CO 2 the maximal  transport  activity was 
observed at pH 7.0. This activity was given the 
relative value of 1. The transport  decreased slightly 
to 0.92 and 0.89 at pH 6.5 and 7.5, respectively. 
Only  0.18 of the original t ransport  was observed at 
pH 8.0 (Fig. 10). The transport  was already rapid 
at pH 7.0 and no change of the velocity was 

observed at this pH by the addi t ion of CO 2. A 
slight s t imulat ion was noticeable at pH 7.5. At 0.4 
m M  CO 2 the rate of t ransport  at pH 8.0 increased 

to 4-times that of the control value. 

Control  experiments showed that the addi t ion 

of CO 2 produced a very small decrease in the pH 
of the medium, which never exceeded 0.1 pH unit. 

This small decrease could not in itself explain the 

s t imulat ion by the addi t ion of CO2 [12]. 
Possible formation of cytoplasmic hydrogen ions. 

Cytoplasmic pH is increased when the acid pump  
is translocating H + from the cytoplasm. To coun- 
teract this increase of pH, there are two processes 
which produce H +. One is the formation of pro- 
tons by the hydrolysis of ATP. The other is H + 
formation via hydrat ion of metabolically produced 
CO 2. At pH 6.1 there is no scalar product ion of 
H + when ATP  is hydrolysed [19]. Active uptake of 
H + in vesicles is commonly  studied at this pH by 
means  of a pH-meter .  As evident from the present 
investigation, the ( H + +  K+)-ATPase is much less 
inhibi ted by cations at low pH than at high pH. 
This might explain why the inhibi tory effects of 
alkali metal ions have not been discussed until  

recently [9-11]. In Fig. 11, both the initial rate and 

the ratio of H +-formation from the hydrolysis of ! 
mM ATP are presented. The initial rate of proton 

product ion  at different pH levels represents the 

H + that is liberated per unit  time as a result of the 

hydrolysis of ATP. The ratio H + / A T P  indicates 
the relationship between the amount  of ATP that 
was hydrolyzed and  the total amount  of protons 
subsequent ly  produced by this hydrolysis. The ratio 
H + / A T P  increased by an increase of pH, while 

the rate of H+-product ion was maximal a round 
pH 7,0. The latter corresponds well with the pH 

op t imum of the ( H + +  K+)-ATPase. 
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Fig. 10. Initial rate of H + transport at various pH and the 
effect of CO 2. The vesicles were equilibrated in 150 mM KCI/2 
mM MgCI2/10 mM buffer. The reaction volume was 1 ml and 
was comprised of vesicles (50 ,ug protein) l0 ,uM acridine 
orange, 150 mM KCI 2 mM MgCI 2 and various buffers: 10 
mM Hepes adjusted with Tris to pH 6.5, 7.0, 7.5 and 10 mM 
Tris adjusted with Hepes (pH 8.0). CO z was supplied by the 
addition of the indicated buffer saturated with a gas mixture 
comprising 5% CO2/95% 02. Additions: No CO 2 (e - - e )  
0.1 mM CO 2 (O- ca); 0.2 mM CO 2 (A zx); 0.4 mM 
CO 2 (O ©). The reaction was started by adding 0.1 mM 
ATP adjusted to the pH of the incubation medium. The initial 
rate of transport was plotted vs. pH. The rate at pH 7.0 was 
given the value of 1. 

Fig. 11. Proton production by hydrolysis of ATP at constant 
pH. About 100 ug of lyophilized vesicles were suspended in 5 
ml reaction medium, comprised of 10 mM KCI/1 mM Mg 2+ 
various buffers, 0.1 mM Hepes adjusted to pH 6.5, 7.0, 7.5, 
with Tris and 0.1 mM Tris adjusted to pH 8.0 with Hepes, 5 
,umol of Tris-ATP adjusted to the pH of the reaction medium 
were added. The release of protons into the medium was 
registered with a Metrohm titration apparatus adjusted for the 
pH-stat mode by the automatic addition of l mM KOH. The 
ratio of the numbers of protons released for each ATP hydro- 
lysed and the initial rate of H + production are presented. 
Maximal ATPase activity measured as release of protons in this 
experiment was 753 nmol/min per mg. 
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Discussion 

Effects of K + and Na + on the partial reactions 
of the ( H + +  K+)-ATPase were studied at various 
pH by means of a rapid-mixing apparatus. In 
phosphorylation and p-nitrophenylphosphatase 
experiments, tight vesicles were used in order to 
restrict the availability of the ions for the ATPase 
and to simplify the interpretation of experimental 
data. In studies of transient states, this technique 
made possible the sudden addition of one or two 
ligands which had access only to the cytosolic side 
of the membrane. 

An enzyme which was protonated at its cyto- 
solic side appeared to give maximal rate of phos- 
phorylation at pH 6.0. When pH was increased, 
the rate decreased. Inclusion of a low concentra- 
tion of alkali metal ions did not change the rate at 
pH 6.0. This was in contrast to parallel experi- 
ments at pH 7.0 and 8.0, where alkali metal ions 
equally well inhibited the rate of phosphorylation. 
The results imply a site on the cytosolic side of the 
enzyme, which can bind monovalent cations. The 
transfer of the terminal phosphate group from 
ATP to the ( H + +  K+)-ATPase may be described 
by the following reactions (Me + denotes an alkali 
metal ion such as K +, Na +, Rb ÷ or the non-metal 
N H  + 4; subscript c denotes cytosolic, or extravesic- 
ular side): 

E 

MgATP + H,..E 

~ Me~ 

H2 
Meg-E 

H e. E. MgATP ---, H,,. E-P + MgADP 

The binding of MgATP to the H ~ . E  is a fast 
reaction; the product H~.. E .  MgATP is unstable 
and is rapidly converted to the H c • E - P  complex. 
The overall pseudo-first-order rate constant for 
these reactions is 6000 rain-1. This is lower com- 
pared with that of the single reaction He.  E .  

Mg 2+ 
ATP ~ H~. E.  P, where the pseudo-first-order 

rate constant is 7900 rain-  *. Binding of MgATP to 

the other enzyme forms, E and Me~ + • E will result 
in lower rates of phosphorylation. Binding to H,.. E 
as judged from transport experiments involves a 
high-affinity site for ATP with an apparent K m of 
2.5 ~M. This K,, was not changed in the range of 
pH 6.5-7.5. In the presence of K ÷ on the cytosolic 
side, the apparent K,, for ATP increased as the 
concentration of K ÷ was increased, indicating a 
decrease of the affinity for ATP. The affinity for 
ATP was decreased further when pH was in- 
creased in the presence of K ÷, which in turn 
indicated that the affinity for K ÷ of the unphos- 
phorylated form of the enzyme was increased at an 
alkaline pH. 

Dephosphorylation of the phosphoenzyme was 
facilitated by binding of K + to the luminal side of 
the enzyme. Na + in a 50-fold excess of K ÷ could 
not inhibit the dephosphorylating ability of K ÷. 
The results indicate that the luminal binding site 
for alkali metal ions has an affinity high for K ÷, 
but very low for Na +. Thus, this site discriminates 
between these two ions in contrast to the cytosolic 
binding site. The dephosphorylation of the ( H ÷ +  
K+)-ATPase may represent a reaction sequence 
where protons are transported from the cytosolic 
to the luminal side and K ÷ in the transverse 
direction. The dephosphorylation of the 'acid-sta- 
ble' H~. E - P  was not a simple first-order type of 
reaction, since the dephosphorylation curves were 
convex upwards and, furthermore, diphasic de- 
phosphorylation was reported previously [11]. 
There are strong kinetic similarities of the dephos- 
phorylation of the phosphoenzyme of the ( H + +  
K +)-ATPase and those of (Na + + K +)-ATPase and 
the sarcoplasmic reticulum Ca2+-ATPase. Evi- 
dence for an acid labile form of the phosphoen- 
zyme has been reported for the two latter ATPases 
[21,22]. Although as yet no evidence for such a 
phosphoenzyme of the H ++ K+-ATPase has been 
presented, it is likely that it exists, taking the close 
similarities of the ATPases into consideration. 

F resh  vesicles were  used in the p-  
nitrophenylphosphatase experiments and changes 
of this activity were due to binding of ions to the 
cytosolic side of the vesicular membrane only. 
p-Nitrophenyl phosphate was hydrolyzed when K ÷ 
and Mg 2+ were present extravesicularly. The p- 
nitrophenylphosphatase activity may be described 
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by the following reactions: 

E 

MgpNPP + Me~ .  E 

~ M ~  
Hc.E 

labile form. Pi and luminal H + are released. The 
enzyme now dissociates K + and is rephosphory- 

+ + • Me~ + . E . M g p N P P . . . ( E . P )  . . . .  .; ,Me c .E M g p N P + P  i 

A possible phosphorylated intermediate (E.  P) may 
correspond to the acid labile phosphoenzyme. Me~ + 
denotes a stimulatory alkali metal ion, such as K +, 
or Rb +, or the non-metal NH~- on the cytosolic 
side of the enzyme. Na ÷ appeared to inhibit com- 
petitively this activation of the p-nitrophenylphos- 
phatase. The activity of the p-nitrophenylphos- 
phatase was low at acidic pH and activation re- 
quired high concentrations of K ÷. An extravesicu- 
lar alkaline pH increased the affinity for K ÷. At 
an alkaline pH and at moderately low concentra- 
tions of K ÷, Na ÷ was a good inhibitor. The ex- 
travesicular binding site appeared to have a similar 
pH-dependent  affinity for these ions, although Na + 
was unable to catalyze the hydrolysis of the p- 
nitrophenyl phosphate. 

From the present results on interactions of H ÷, 
K + and Na ÷ with the ( H + +  K+)-ATPase in iso- 
lated tight and leaky vesicles, the following inter- 
mediary reaction sequence is summarized: 

lated by ATP in a process that is accelerated by 
H + in the cytoplasm. Cytoplasmic H + also seems 
to stabilize the acid-stable phosphoenzyme by re- 
ducing the affinity for luminal K + (inhibits de- 
phosphorylation). Cytoplasmic alkaline pH, on the 
other hand, stabilizes a K ÷ form of the enzyme, 
which has low affinity for ATP. 

The ATPase activity, measured as the release of 
the terminal phosphate of the ATP molecule, is a 
complex reaction, since lyophilized vesicles are 
used and alkali metal ions will bind to both sides 
of the enzyme. Binding of K + and Na + to the 
cytosolic side inhibits the ATPase activity. K ÷ 
binds also to the luminal side and dephosphory- 
lates the enzyme. At acidic pH, the phosphoryla- 
tion is rapid and is not inhibited by alkali metal 
ions; the H c • E-P form is stabilized and dephos- 
phorylations is slow. When pH is increased, the 
binding of alkali metal ions to the cytosolic side 
inhibits the rate of phosphorylation, while the 

He.E< 

E< 

S ~- H~.E.MgATP 

MgATP 
H~ + . J  

' \  
MgADP 

K [  ~ Pi 

~- H -E-P (stable) 

K + lu 

> HI.- E. P. K~ (labile) 

Subscript lu denotes luminal or intravesicular side. 
The enzyme (E) binds a cytosolic or extravesicular 
H + (H~) and forms a H c • E complex which binds 
MgATP at a high-affinity site. An acid-stable Hc- 
E-P complex is formed. Luminal K ÷ binds to the 
phosphoenzyme which induces translocation of 
ions and converts the phosphoenzyme to an acid- 

increase of pH increases the rate of dephosphory- 
lation. Optimal conditions for the ATPase activity 
is obtained at pH 7.4 and 5-10 mM K ÷. This 
concentration range of K + is low enough not to 
decrease the rate of phosphorylation, but suffi- 
ciently high to stimulate dephosphorylation. The 
inclusion of Na ÷ decreases the ATPase activity 



due to binding to the cytosolic side. 
A high concentration of K + inhibited the p- 

nitrophenylphosphatase as well as the ATPase ac- 
tivity. The effect of Na + was additive to that of 
high K +. This inhibitory action at high concentra- 
tion of the alkali metal ions appears at least partly 
to be due to a competition between Mg 2+ and the 
monovalent cation. 

When extravesicular choline was exchanged for 
K +, a decrease of the rate of H + transport was 
observed. This decrease was more pronounced at 
alkaline pH than at acidic pH. When Na ÷ was 
exchanged for K + the rate of H + production was 
constant but lower than with choline chloride. The 
results are in good agreement with the effects of 
alkali metal ions on the cytoplasmic side of the 
membrane which inhibited the rate of phosphory- 
lation and the p-nitrophenylphosphatase reaction 
at neutral and alkaline pH. 

Regardless of the ratio of the cations, the 
replacement of extravesicular choline for K + did 
not affect the A pH. This was in contrast to the 
case where Na + replaced K +. At high concentra- 
tions of Na  +, a lower ApH was obtained across 
the vesicular membrane. This decrease was not due 
to alkali metal ion inhibition on the cytosolic side 
as can be seen in Fig. 7A, since the replacement of 
Na  + for K + did not change the rate of H ÷ trans- 
port. The A pH reflects the initial concentration of 
K + inside the vesicles [12], since only K +, not 
Na  +, can be exchanged for H +. Thus the decrease 
of ApH was due to a lower intravesicular K + 
concentration. A decrease of intravesicular K ÷ 
indicates a possible Na~+-K~-~ exchange in the ves- 
icular membrane. 

The present investigation shows that the affin- 
ity for monovalent cations of the ( H + +  K+) - 
ATPase is intimately linked to the pH of the 
surrounding medium. When the parietal cells 
secrete acid, this is accompanied in the cytosol by 
a increase of base which is transported into the 
extracellular fluid in the form of HCO 3 [23]. The 
intracellular pH of the parietal cells appeared to 
be slightly alkaline with a pH around 7.4-7.8. 
Upon  stimulation of acid secretion, the intracellu- 
lar pH increased further [24,25]. There are two 
major processes associated with the enzyme that 
may take part  in the physiological regulation and 
stimulation of the acid secretion at the level of the 
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secretory membrane. H + is formed in the hydroly- 
sis of ATP. The H + formed in this reaction is 
formed close to the H +-binding site on the (H ++ 
K+)-ATPase. Secondly, in mitochondria CO 2 is 
produced and subsequently diffuses into the cyto- 
plasm. Carbonic anhydrase, which is present in 
high concentrations in the parietal cell [26] and in 
the gastric vesicular membranes used in this study 
[12], catalyses the hydration of C O  2 tO H2CO3, 
which dissociates to H + and HCO~.  The idea of 
cytoplasmic H + and CO 2 as physiological regula- 
tors of acid secretion is supported by results ob- 
tained from studies on frog gastric mucosa. An 
increase of CO 2 concentration in the bathing 
medium of the gastric mucosa increased the rate of 
acid secretion [27]. Another way to maintain a 
high rate of acid secretion in the isolated frog 
gastric mucosa was by lowering the pH of the 
serosal medium [28]. Both H + and CO 2 passed the 
basolateral membrane and decreased the intracell- 
ular pH, thus providing H + for the ( H + +  K + ) -  
ATPase. 

The present results suggest that any reaction 
providing protons to the transport system on the 
cytoplasmic side will increase the velocity of acid 
accumulation into the vesicles. Furthermore, the 
( H + +  K+)-ATPase and carbonic anhydrase may 
co-operate in the secretory process. The carbonic 
anhydrase produces protons to ' feed'  the acid 
pump and to counteract the alkali metal ion in- 
hibition. Any general stimulation of the metabo- 
lism leading to the production of CO 2 and conse- 
quent formation of protons in the cytoplasm of the 
parietal cell, might initiate and facilitate a continu- 
ous production of gastric acid. 
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